model with climatological SSTs prescribed. This intrinsic variability is compared with the forced response to the SST anomalies.
In Section 2 we describe the model experiments and data preparation. Weather regimes are constructed in Section 3 and used to interpret the interdecadal variability intrinsic to the atmosphere in the control run, and the forced response to a North Atlantic SST anomaly in the two response experiments. Concluding remarks follow in Section 4.
Model experiments and data preparation
In this study we use the ECHAM3 atmospheric GCM of the Max-Planck Institute for Meteorology in Hamburg, with a spatial resolution of T42 (Roeckner et al., 1992; Bengtsson et al., 1996) . The model integrations consist of a 100-year control run with prescribed seasonally varying climatological SSTs, and two 10-year anomaly experiments. The anomaly pattern was derived from an empirical orthogonal function (EOF)
analysis of SSTs for individual calendar months by Y. Kushnir (personal communication, 1996) . The particular EOF chosen dominates the fall and early winter, and its time series shows a strong decadal component. The pattern resembles the quasi-decadal SST fluctuation of Deser and Blackmon (1993) ; more precisely, Moron et al. (1998) find such a pattern as the extreme warm phase of their 7-8-year oscillation. To enhance the signal-tonoise ratio, the magnitude of the observed anomaly was multiplied by 5, giving a maximum (Blackmon and Lau, 1980 The control run comprises 99 winters, for a total of 8910 days. To obtain as many winter days as possible from each 10-year anomaly experiment, we include January and February of year 1 and December of year 10, minus 9 days in each case because of the low-pass filtering; this yields a total of 882 days. The boreal-winter interval of study is referred to as December-January-February (DJF).
The mean seasonal cycle of the control run was calculated, day-by-day, from the 99 years of low-pass filtered data. This cycle was subtracted at the outset from both the control and the SST-anomaly experiments. Prior to computing EOFs, the gridpoint data were weighted by the square root of the cosine of latitude, following Branstator (1987) .
Weather regimes
We define weather regimes in terms of local maxima in the model atmosphere's probability density function (PDF), constructed in the subspace of the four leading EOFs of low-pass filtered 700-mb height maps over the North Atlantic sector. Bumps in the PDF correspond to recurrent and persistent height patterns in physical space. The PDF is obtained from the position of the 8910 maps in the 4-dimensional subspace above by using a kernel density estimator. This estimator provides a trade-off between smoothness and robustness to subsampling of the PDF, on the one hand, and fidelity to the data, on the other.
We apply the iterative bump-hunting method employed by Kimoto and Ghil (1993b; KG hereafter) to find the local maxima of the PDF so obtained. An angular metric is used, in which length corresponds to pattern correlation between North Atlantic height fields in physical space. Since there is no unique or optimal definition of planetary-flow or weather regimes, we rely on the K-means or dynamical clustering method (MacQueen, 1967) as applied by Michelangeli et al. (1995; MVL hereafter) to test the robustness of our bump-hunting results.
a. The control run
The four leading covariance-matrix EOFs over the North Atlantic sector account for 71% of the variance in the low-pass filtered daily 700-mb height data. Six regimes were obtained from the 99-winters of the control run, using a smoothing parameter of h=40 o for the estimating kernel. Figure 2 displays composite hemispheric maps of low-pass filtered daily 700-mb heights for the days belonging to each regime; 42% of all days are classified.
Daily maps are assigned to a given cluster if they have a pattern correlation of 0.82 or greater with that cluster's central map; this produced clusters with negligible overlap.
[ Regimes 1 and 3 appear to correspond to the model's NAO and have close counterparts in observed analyses (cf. Barnston and Livezey, 1989; Cheng and Wallace, 1993) . Regime 1 has more of a NW-SE orientation than the classical NAO pattern, and Barnston and Livezey (1989) find this pattern to be more pronounced during February than in December-January. Regime 2 resembles the East Atlantic pattern of Barnston and Livezey (1989) , while Regimes 4 and 5 are similar to Vautard's (1990) 
b. The SST anomaly experiments
We now investigate the extent to which the regimes of the control run occur in the two 10-year anomaly experiments-referred to as Decades 1 and 2 respectively in the following-and how their frequency-of-occurrence differs compared to the model's intrinsic interdecadal variability. Preliminary results for Decade 1 were reported by Robertson et al. (1998) . The 882 low-pass filtered daily maps from each anomaly experiment were projected onto the four leading EOFs of the control experiment, and we counted the number of days falling into each of the control run's regimes. These counts are plotted in Fig. 3 for anomaly Decade 1 (solid triangles) and Decade 2 (inverted triangles).
The analogous counts for each of the 10 control decades are plotted in terms of their mean (open circles) and standard deviation σ (shown as a two-sided error bar).
[ Here 40.6% of days fall into the control clusters, even closer to the percentage so classified in the control run.
The character of the model's intraseasonal variability is relatively insensitive to the North Atlantic SST anomaly in terms of the total number of days in each anomaly-response experiment that fall into the control run's weather regimes. To estimate possible changes in the regimes' spatial structure, the bump-hunting method was applied to the two anomalyexperiment decades concatenated together, using the same smoothing parameter, h=40 As a further test of pattern similarity, we have computed (using K-means and the "classifiability" methodology of MVL) the similarity between regime-patterns derived from each decade of the control run in turn, and those of the other control-run decades. The interdecadal variability in the patterns derived from the control run was found to be just as large as the difference between the control run and the SST anomaly experiments.
c. Weighted-mean and overall-mean response
We saw that the control regimes, computed from a century of GCM results, are specified fairly robustly by the composite maps in Fig The regime response in Decade 1 (Fig. 4a) consists of relatively more of Regime 1 and less of Regimes 3 and 6, and resembles quite closely the positive phase of the classical NAO teleconnection pattern (cf. Hurrell, 1995) . Over the North Atlantic, the pattern is similar in amplitude to the difference in time means (Fig. 5a) , with a ratio of 10-20 gpm per degree Kelvin of SST anomaly, but is much more localized. Neither experiment exhibits a significant 700-mb height response over the SST anomaly itself.
d. Interdecadal variability of the NAO
The response to a North Atlantic SST anomaly is NAO-like in Decade 1, but nearly in spatial quadrature with the NAO in Decade 2. Indeed, the regime-weighted responses (Figs. 4a and 4b) resemble the two leading EOFs of observed mean-sea-level pressure over the North Atlantic sector (not shown). This suggests that each of the two EOFs points in a direction of phase space populated by a particular subset of weather regimes (Mo and Ghil, 1988) , and that the initial state of a particular simulation might lead preferentially in one or the other of these two directions KG) , even when the model is subjected to lower-boundary forcing that differs from climatology.
The decadal evolution of a Greenland-Azores NAO index in the control run is illustrated in Fig. 6 higher level of statistical significance than the regime projections in Fig. 3 ; this is consistent with the NAO-like regime-composite response in Fig. 4a (see also the discussion of minimal representation of sectorial PDFs in Smyth et al., 1999) .
[ Fig. 6 near here, please.]
Concluding remarks
We have shown that a limited sample of two 10-winter runs is insufficient to identify a robust atmospheric response in the ECHAM3 atmospheric GCM to a typical pattern of North Atlantic decadal SST variability (Deser and Blackmon, 1993; Moron et al., 1998) . This is the case in terms of the time-averaged 700-mb DJF geopotential height field, as well as for the statistics of intraseasonal weather regimes.
The two 10-year realizations of our SST anomaly experiment were found to yield rather different 700-mb geopotential height responses: the first projects strongly onto the NAO pattern, while the second consists of a trough well downstream of the prescribed SST anomaly. Neither of these responses was found to be significant with a high level of statistical confidence, compared to the model's intrinsic interdecadal variability in the 100-year control run. This negative result is consistent with the current lack of consensus in the published literature regarding the atmospheric response to North Atlantic SST anomalies.
The SST-anomaly response in both 10-year runs was shown to be associated with changes of about one standard deviation in the frequency of occurrence of a subset of the model's six intraseasonal weather regimes. Although the 99 winters of the control run were used to construct these regimes, the anomaly runs are too short or too few to allow us to obtain statistical confidence in these frequency-of-regime occurrence changes.
Our results suggest that the spatio-temporal NAO pattern is made up of two or three distinct weather regimes. Cheng and Wallace (1993) have pointed out already that the NAO may be the result of differencing between two spatially asymmetric weather regimes, and similar asymmetries between "opposite phases" of the Pacific/North American pattern-as well as indirect transitions via a third regime between them-have been pointed out by Mo and Ghil (1988) and KG. The control run itself shows pronounced interdecadal excursions in the weather-regime frequency and the NAO index, but these were found to be distinguishable only marginally from white noise.
We have repeated the regime analysis using a hemispheric domain. In this case, 4 PDF regimes were obtained, but these did not prove to be robust with respect to details of the method. Two of these hemispheric regimes (not shown) were found, however, to resemble opposing polarities of the time-mean SST anomaly response in Decade 1 shown in Fig. 5a . Projecting this response onto the two hemispheric regimes analogously to Fig. 4 yields a statistically significant response at the 95% level. It would thus appear that the GCM does have a hemispheric mode of variability with a large degree of zonal symmetry, and that this is preferentially excited by a North Atlantic SST anomaly during Decade 1.
Hemispheric regime analyses of observed data by Cheng and Wallace (1993) and Smyth et al. (1999) suggest that coherent modes of hemispheric variability may exist in the atmosphere, and that they have preferred sectorial manifestations. Kitoh et al. (1996) and Thompson and Wallace (1998) 
